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A Three-Dimensional Field Study of Solute Transport 
Through Unsaturated, Layered, Porous Media 
1. Methodology, Mass Recovery, and Mean Transport 
T. R. ELLSWORTH 1 
U.S. Salinity Laboratoo,, Riverside, California 
W. A. JURY AND F. F. ERNST 
Department of Soil and Environmental Science, UniversiLv of CaliJbrnia, Riverside 
P. J. SHOUSE 
U.S. Salinity Laborato•,, Riverside, California 
A field experiment is reported which monitored the three-dimensional movement of cubic solute 
plumes through an unsaturated, loamy sand soil. The plumes were created with one of two methods, 
a two-dimensional flux application and an initial resident distribution. Soil coring was used to sample 
resident concentrations for the three solutes studied. The data were analyzed using the method of 
moments. In addition to the solute transport experiments, a detailed set of physical properties of the 
field was obtained by excavating three pits to a depth of 5.0 m and also by taking soil cores throughout 
the study area. This paper explains the experimental methodology, summarizes the relevant site 
characteristics, and describes the observed transport based on the zeroth and first order spatial 
moments. Mass balance varied between 78 and 138%. The field-averaged gravimetric water content 
and dry bulk density were used to accurately predict the mean vertical plume displacements. The 
plumes spread relatively little in the horizontal direction. 
INTRODUCTION 
Many chemicals enter and move through unsaturated soil 
as part of a compact plume. A solute plume may originate at 
the soil surface as a consequence of a spill or a leaking 
surface tank. It may also emanate from within the vadose 
zone by leaking through the bottom of a disposal pond or 
subsurface storage tank. The dissolution of solids, such as 
the leachate underneath a fly ash pit, may also create a 
chemical p ume. In all of these scenarios, a contaminant 
plume is created which will likely migrate downward (de- 
pending on the soil moisture regime) toward an underlying 
water resource. 
There are numerous reasons for wanting to improve the 
understanding of how a chemical moves through unsaturated 
soil. First, in many contamination episodes uch as waste 
spills, the only information available is the volume of fluid 
that enters the soil and the area over which it infiltrated. 
Without an understanding of the degree of lateral dispersion 
of the plume, it is not possible to estimate even roughly the 
downward penetration of the spill. In the absence of a 
preliminary means for making this assessment, expensive 
and time-consuming soil concentration measurements must 
be made over a dense grid in the soil to characterize the 
plume geometry. Furthermore, even when the initial volume 
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of a spill is known precisely from a remedial investigation, it 
will often be necessary to allow additional water to enter the 
soil either as part of the cleanup strategy, or because it is not 
possible to protect the entire soil area over the spill from 
water infiltration. Therefore, accurate future projection of 
the spill migration per unit of water input is an essential part 
of a design strategy for cleanup or waste isolation. 
At the present time, a validated three-dimensional so ute 
transport model capable of accurately predicting spill migra- 
ion and dispersion i the unsaturated zone does not exist. 
Several candidate model approaches are available for this 
problem, yet model validation based on field research poses 
a formidable task. 
In fact, the even more elementary problem of predicting 
the mean solute position as a function of time has been 
unexpectedly ifficult in the unsaturated zone. Butters et al. 
[1989] observed that the field scale (0.64 ha) downward 
velocity of a surface-applied bromide pulse leached with 
bidaily sprinkler i rigation was significantly slower (up to a 
factor of 2) in the surface 1.2 m than the velocity predicted 
by the piston flow model using the measured net applied 
water flux and the measured volumetric water content. This 
anomaly was present whether viewed at the field scale using 
the area average solution concentration measurement, or 
when looked at locally by analyzing individual solution 
sampler breakthrough curves. This finding is in agreement 
with field research by Elabd et al. [1988] who observed a 
slower mean velocity for a tritiated water pulse than esti- 
mated with piston flow. However, Jaynes et al. [1988] found 
the opposite to be true, with the observed mean solute 
displacement much greater than predicted on the basis of 
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piston flow. Russo et al. [1989a, b] showed that the mean 
downward displacement of water could be significantly 
affected by soil water hysteresis, profile heterogeneity nor- 
mal to the direction of flow, or immobile water. Each of 
these effects were shown to obscure the relationship be- 
tween mean downward transport and estimates made using 
the so-called piston flow model for solute displacement. 
Field studies which have examined the three-dimensional 
nature of solute transport in the vadose zone are relatively 
scarce. McCord et al. [1988] conclude from field observa- 
tions that considerable anisotropy in hydraulic conductivity 
exists for unsaturated conditions. These conclusions were 
supported by tracer experiments at the same locations, with 
considerable lateral and vertical variability observed in the 
tracer movement. Stephens et al. [1988] studied transport on 
a 30 m x 30 m area and observed significant variations in 
vertical solute velocities, as well as considerable lateral 
spreading. Kung [1990] observed extreme variability in 
transport of a dye tracer through an unsaturated sandy soil. 
Based on his observations, he concluded that the current 
theory of solute transport in the vadose zone was not 
realistic. 
Progress in developing solute transport descriptions in 
three dimensions has been more rapid in saturated soil. 
Large-scale comprehensive solute transport experiments 
have been conducted under intensive monitoring in ground- 
water [Mackay et al. 1986; Killey and Moltyaner, 1988] and 
have been accompanied by the development of a stochastic 
continuum odel by Dagan [1984, 1987]. This model pre- 
dicts the extent of solute spreading longitudinal and trans- 
verse to the direction of motion from estimates of local 
hydraulic onductivity variations. Comparison of this model 
with mean displacement and dispersion of a waste plume 
moving through an aquifer has yielded good agreement 
[Freyberg, 1986; Barry et al., 1988]. 
Two factors limit the application of the Dagan model to 
unsaturated soil. First, current stochastic continuum models 
require stationarity along the direction of flow, a circum- 
stance commonly met in groundwater but almost never in 
the unsaturated zone. Second, under saturated flow condi- 
tions, the solute velocity is proportional to the saturated 
hydraulic conductivity, whereas in unsaturated soil the 
connection between solute velocity and soil properties is far 
more complex. As a result, even in stationary soil, the 
number of local property measurements that must be taken 
to evaluate the solute velocity variations is extensive. 
From the preceding discussion, it is apparent that there is 
a need to examine the three-dimensional nature of solute 
transport in unsaturated soil. In an attempt to monitor 
transverse and longitudinal dispersion during transport, a 
three-dimensional fie d study, reported herein, was per- 
formed at the same field site used for the one-dimensional 
study of Butters et al. [1989]. The objectives of the present 
study are (1) to obtain a quantitative fi ld-scale description 
of a cubic plume of solute as it varies over space and time 
while moving downward through an unsaturated soil, (2) to 
characterize the degree of transverse and longitudinal solute 
spreading during the transport process, pecifically during 
the transit hrough layers of different texture at the site, and 
(3) to obtain an experimental data base from which model 
assumptions and/or theory may be developed or validated. 
This paper reports measurements of the physical character- 
istics of the field, describes the experimental methodology of 
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Fig. 1. Etiwanda field site, with locations ofindividual plots, 
excavation pits, and lysimeter. Each plot symbol has the following 
format: [location] [application method] [plot size][plot sample event] 
where "location" is an integer (1-12) which indicates the relative 
location of the plot, 1 representing the site farthest north and 12 the 
site farthest south, "application method" is denoted by a capital 
letter, F for flux application and R for initial resident distribution, 
"plot size" is either L for large (2.0 m by 2.0 m) or S for small (1.5 
m by 1.5 m), and "plot sample vent" is a, b, or c for the first, 
second, or third sampling, respectively. 
the transport experiment, and compares the mass balance 
and first order moment estimates (location of the center of 
mass) of the several solutes used in the study. An accompa- 
nying paper describes olute dispersion processes in the 
experiment [Ellsworth and Jury, this issue]. 
MATERIALS AND METHODS 
Field Description 
The solute plume experiments were performed over an 
18-month period between May 1987 and October 1988 on a 
field site at Etiwanda, California. The soil is a nearly level 
Tujunga loamy sand that is of alluvial origin, well drained, 
with minimal horizon development (mixed, thermic, Typic 
Xeropsamment [Woodruff, 1980]). 
Twelve sites were selected for study from within the 
0.64-ha field used in the experiment reported by Butters et 
at. [1989]. Figure 1 shows the location of these sites relative 
to Butters' 16 solution sampler sites, as well as the location 
of a weighing lysimeter and three excavation pits used to 
characterize the physical properties of the field. The defini- 
tion of the plot symbol codes used in this study are also given 
in the caption of Figure 1. In 1977 an established grape 
vineyard was cleared from the field. Since 1977 the site has 
been used for agricultural research by the University of 
California, Riverside, including occasional cropping. Three 
pits were dug to 5 m at the field site in order to obtain 
detailed visual observations of soil structure and to deter- 
mine texture and bulk density variations with depth. Two 
bulk density samples (using cores of size 7.62 cm diameter 
by 7.62 cm length) were taken from each pit at 10-crn 
intervals between the surface and the 5 m depth. These cores 
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were carefully driven horizontally into the shaved sidewall 
of the pits to obtain approximately undisturbed soil samples. 
Butters [1987] measured the particle size distribution i  the 
field from samples obtained by soil coring. To supplement 
his results, particle size analyses were performed using the 
pipette method [Day, 1965] on repiicates from each bulk 
density sample for one of the pits. Thus, in the present 
study, four particle size analyses were performed for each 
10-cm interval to a depth of 5 m. 
Three inorganic tracers [Ca(NO3)2, KC1, and H3BO3] , all 
applied in solution phase, were used in this research. Prior to 
solute application, the soil was thoroughly leached by sprin- 
}tier irrigation (with solute-free water) for 2 months, after 
which soil cores were taken to determine residual concen- 
trations. Residual nitrate and chloride concentrations were 
approximately 3 orders of magnitude below the lowest 
planned solute application concentrations. 
Solute Application 
Two methods of solute application, a two-dimensional flux 
application (F), on 10 of the sites, and an initial resident 
distribution (R), on two sites, were used to study solute 
movement. In each experiment, water flow was maintained 
at a quasi steady state by daily irrigations of several hours 
per irrigation. The irrigations commenced 2 weeks prior to 
solute application at the sites to create reasonably uniform 
and moist initial conditions. 
For the flux application experiment, a system was de- 
signed to allow daily, uniform application of the chemicals 
over the small plot area (2.25 m 2 to 4.0 m 2) while the 
surrounding area received solute-free water at the same rate. 
Eight covered irrigation frames (or "application systems"), 
seven of which were 1.5 m by 1.5 m and one which was 2.0 
m by 2.0 m, were constructed out of 2.54-cm-diameter 
schedule 40 polyvinyl chloride (PVC), plywood, clear poly- 
ethylene sheeting, and 1.27-cm-diameter plastic drip line 
tubing. Drip emitters (1.9 L h -• Vortex emitters) were 
installed on the application systems, 237 in the smaller ones 
and 400 in the bigger one. Emitter spacing was approxi- 
mately 10 cm in a "polymeric diamond" pattern. Each 
application system was carefully tested and individual emit- 
ters selected to maximize application uniformity (see Ell- 
sworth [1989] for details). The application coefficient of 
uniformity was approximately 95% for each of the systems. 
A series of short pulse applications of solution through the 
drippers over a 4-hour daily period were used to maintain 
unsaturated flow conditions. The application system was 
designed so that solute-free water from sprinklers applied 
over the entire field would land on the covered applicator 
frame and enter a gutter system which would channel the 
water approximately 8 m away from the plot surface. The 
gutter system was attached to a thin, narrow (15 cm width) 
wall made from 22 gauge, galvanized steel flashing, which 
defined the plot borders. The fi. ashing was driven 5 cm 
vertically into the moist, sandy soil along the plot boundary. 
A water meter was attached to each drip system to monitor 
the daily volume of solution applied to the plot surface. Two 
880-L tanks were used for the solute solution, with daily 
mixing of the tank solutions prior to application and periodic 
sampling to determine the solute concentration in the solu- 
tion. The tanks had to be refilled several times during the 
experiments, with slight variability in concentrations be- 
tween formulations. The mean concentrations in the tanks 
for all applications were 57.6, 39.3, and 2.7 mol m -3 for 
Ca(NO3)2, KC1, and H3BO 3, respectively. Immediately 
after each daily irrigation and solute application, the appli- 
cation systems were displaced 8 m laterally to allow evapo- 
transpiration to occur from the plot surface and from the 
adjacent areas. Upon completion of the solute application 
period (approximately 2 weeks) all solute application sys- 
tems were removed, and subsequent leaching of the entire 
field was achieved by sprinkler irrigation. 
The application system described above created a two- 
dimensional solute flux boundary condition. In addition, a 
second experiment was designed in which solute was ini- 
tially resident in the soil. At two sites (1.5 x 1.5 m and 2.0 x 
2.0 m) the top 5 cm of soil was carefully excavated, spread 
out on a plastic surface, and allowed to dry over a 24-hour 
period while the excavated site was covered to prevent 
evaporation. The soil was then placed in a portable cement 
mixer and moistened with water containing solute, applied 
through a hand-held sprayer, as the cement mixer continu- 
ously blended the solution into the soil. After the predeter- 
mined volume of solute solution had been applied, water was 
added until the soil reached a moist, moldable consistency. 
Upon completion of the water application, the mixing pro- 
cess continued until the soil had been uniformly mixed. The 
soil was then returned to the excavated site in three equal 
portions, with uniform packing after each addition using a 
20-cm-diameter weighted pipe which was rolled across the 
surface. Upon completion of the final packing, 8-10 soil 
cores (4.8 cm inside diameter and 5.1 cm length) were taken 
from within the plot surface. The soil removed via the 
sampling was replaced with an equivalent weight of the 
spiked soil which had been reserved for this purpose. Soil 
cores were taken surrounding the plot surface also, so that 
bulk density, moisture content, and the initial solute distri- 
bution could be estimated inside and outside the plot sur- 
face. Following the initial sampling, the plot surface was 
moistened with about 0.2 cm of solute-free water using the 
hand sprayer, after which the plot was covered with plastic. 
This procedure was completed in the late afternoon or 
evening to reduce evaporative water loss. After removal of 
the plastic cover, daily sprinkler irrigation (---2 cm/day) 
began early the following morning. 
Experimental Procedures 
The entire study occurred in two separate phases. The first 
phase of the study (summer 1987), examined transport on 
eight of the 10 flux application sites. The second phase 
occurred between December 1987 and October 1988 on the 
remaining four sites (two flux application sites and two initial 
resident distribution sites). During the first phase of the 
study, the field surface was mowed and plant residues were 
removed. A 9 x 9 m area was rototilled at each of the eight 
sites to a depth of 8 cm. The field was brought to a 
steady-state water content with 14 days of sprinkler irriga- 
tion immediately prior to solute application. The eight afore- 
mentioned application systems were then placed in the 
center of each rototilled site. With all eight systems installed 
and the field at a relatively constant water content, solute 
application commenced. 
In order to avoid wind disturbance of sprinkler uniformity, 
the solute application and irrigations were carried out early 
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in the morning. Cups were placed around the plots to 
provide an estimate of the spatial variability of the sprinkler 
application as well as an estimate of the daily irrigation rate. 
The daily coefficient of uniformity for the sprinkler applica- 
tion was usually greater than 90% around a given plot, yet 
fieldwide uniformity was approximately 85% [Ellsworth and 
Jury, 1991]. The data collected at each site were used to 
calculate the total applied water for each specific location. 
Although the fieldwide uniformity was relatively high, a time 
bias in the application was observed, in which individual 
sites consistently received greater or lesser amounts of water 
on a daily basis than the field average. 
Potential evapotranspiration (ET) was calculated by the 
Penman method [Doorenbos and Pruitt, 1975] using daily 
measurements of solar radiation, wind run, temperature, and 
relative humidity, from which net applied water (NAW) was 
calculated as the difference between applied water and ET. 
During the first phase of the study, solute was applied to 
each plot over a 2-week period, with approximately 20 cm of 
NAW for the seven smaller plots and 30 cm of NAW for the 
2.0 m by 2.0 m plot, while the surrounding areas received an 
equivalent volume of solute-free sprinkler irrigation. It was 
estimated from the study of Butters et al. [ 1989] at Etiwanda 
that the leading edge of the solute front would be approxi- 
mately 100 to 150 cm deep after 20 cm of NAW, which would 
achieve the objective of having a reasonably cubic shape of 
the plume at the end of the solute application period. In 
order to test if this objective was achieved, a 1.5 m by 1.5 m 
plot was destructively sampled the day following the 14-day 
solute application period (site 2FS). At the other sites, after 
the solute application, the application systems were re- 
moved and all plots subsequently received daily sprinkler 
irrigation with solute-free water. Each of the remaining six 
smaller plots were destructively sampled once in pairs after 
approximately 40, 60, and 80 cm of NAW. The larger 2.0 m 
by 2.0 m plot was sampled at three times, after approxi- 
mately 30, 55, and 70 cm of NAW in order to monitor the 
leaching pattern of a single plume over tirne. During each of 
the first two sampling periods on the large plot, 1.9-cm-thick 
plywood sheets were placed along the path of the sampling 
truck. To reduce disturbance of the plume during the first 
two samplings, holes formed by drilling were backfilled and 
packed after each sample was taken. Following the sampling 
sessions, the plot surface was raked to prevent surface 
ponding of sprinkler irrigation. 
The decrease in longitudinal dispersivity between 3.0 and 
4.5 m observed by Butters and Jury [1989] led us to believe 
that lateral spreading of solute may be significant in this 
zone. Tl'ierefore, we used a relatively sparse sampling grid 
wi/th holes extending well outside the plot boundaries to be 
sure that we enclosed the plume completely (figures defining 
the grids used for each individual sample event are given in 
the report by Ellsworth and Jury [1991]). 
A preliminary analysis of the results from the first phase of 
the study revealed that the sampling scheme employed 
provided reasonable mass recovery estimates. However the 
degree of lateral solute movement was much less than 
anticipated, and resolution of the horizontal plume bound- 
aries was poor because many of the cores were drilled 
completely outside of the solute volume. The data also 
revealed peculiarities in the dispersion process, with vertical 
plume dimensions initially increasing and then decreasing 
over time. Further investigation was required to understand 
the cause of this phenomenon. In addition, the preliminary 
analysis indicated that the spatial moment estimates ob- 
tained from the solute concentrations were sensitive to the 
interpolation scheme and sampling density. 
These results led to the development of the second study 
phase, examining transport in greater detail on two flux 
application sites and two initial resident distribution sites. In 
the second phase, plant residues were carefully removed 
from each site, leaving the soil surface bare and undisturbed 
(except for the smaller flux site, which was rototilled prior to 
placement of the tent). Daily irrigation over a 2-week period 
was used to create a steady-state initial condition. Two 
application systems (1.5 m by 1.5 m and 2.0 m by 2.0 m) were 
subsequently placed in the center of the two flux application 
sites and used in the same manner as in the first study phase. 
The two initial resident sites (1.5 m by 1.5 m and 2.0 m by 2.0 
m) were prepared as discussed previously. A denser sam- 
pling scheme (relative to the first study phase) was used in 
the second phase, which provided a greater resolution of the 
horizontal plume boundaries. After the initial sampling of the 
two resident concentration plots, the smaller (1.5 m)plot 
was destructively sampled once, and the larger (2.0 m) plot 
was sampled twice. The 1.5-m flux application site was als0 
destructively sampled once, whereas the 2.0-m flux applica- 
tion site was sampled several times (see Table 1 of Ellsworth 
and Jury [this issue] for NAW at time of each sampling). 
Sampling and Analysis 
During both study phases, experimental sampling proce- 
dures were the same. Electrical conductivity measurements 
of saturation extracts were performed in the field at the time 
of sampling to ensure that the solute plume was contained 
within the sample grid boundary. The moment estimates are 
sensitive to the sample grid density and sample design 
[McArthur, 1987]. To reduce bias in these estimates, sample 
grids were placed in a regular, symmetric pattern inside and 
outside the plot surface. 
Between 15 and 37 soil cores were taken at each sampling 
period using a 6.35-cm-diameter split sampling tube encased 
in an 18-cm-diameter auger with a Central Mine Equipment 
model 55 drilling rig. With this equipment, the sample tube is 
hydraulically driven into the soil without rotating, thereby 
providing an "undisturbed" core sample. Also, the hole is 
"cased" with the augers during sampling, which prevents 
backfill or contamination from occurring. Cores were sec- 
tioned into 20-cm depth increments. Each 20-cm segment 
was thoroughly mixed and subsampled for moisture content. 
The remaining soil was then placed in a plastic bag, sealed 
and stored on ice in the field until the end of the drilling day 
when samples were placed in cold storage (0ø--4.5øC)to 
minimize microbially mediated nitrate transformations. Soil 
samples remained in cold storage until saturation extracts 
were performed. In the saturation extract procedures, sam- 
pies were brought o saturation with deionized water, thor- 
oughly mixed and allowed to equilibrate in the laboratory. A 
test was performed to ensure that the allotted time was 
adequate oobtain equilibrium, by examining a subset of
samples where the saturated pastes were sealed and allowed 
to equilibrate for an additional 24 hour period. Chloride and 
nitrate solution concentrations measured with and without 
the additional 24 hour period were the same. However, boric 
acid, also one of the solutes in the study, is adsorbed and 
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enters clay mineral crystal lattice structures via an intra- 
crystalline diffusion process wherein silica is replaced by the 
borate ion [Jasrnund and Linder, 1973]. In this process, the 
time required to obtain equilibrium between the liquid and 
solid phases is of the order of years; thus, the boric acid 
concentration measured by the saturation extract method 
was not an equilibrium concentration and is termed water- 
soluble boron. The saturation paste extracts were obtained 
using buchner suction funnels and number 1 filter paper. 
RESULTS AND DISCUSSION 
Field Site Characterization 
The visual observations, bulk density, gravimetric water 
content, and particle size data obtained from the pit excava- 
tions and soil coring provide a semiquantitative physical 
description of the site. The soil was nearly structureless and 
visually homogeneous from the surface to a depth of 2.5 m. 
Below this depth, the soil had a subangular blocky structure. 
Several old grape roots were found, approximately 0.5 cm in 
diameter, which penetrated to depths in excess of 3.0 m. 
Very little gravel or coarse material was found in pits I and 
III, which were located in the central part of' the field (see 
Figure 1). However, greater quantities of gravel were ob- 
served in the pit located at the western part of the field. The 
soil is thought to be part of an alluvial fan. The visual 
similarities in the vertical profiles of the three pits support 
this assumption. It appeared from these observations that 
the field was relatively uniform within a given horizontal 
layer or depth, with a large degree of vertical variability 
between different layers. Figure 2 shows the bulk density as 
a function of depth for the three pits. The observed bulk 
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Fig. 3. Particle size distribution from field average sampling [Butters, 1987] and from pit !II {this tudy). 
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Fig. 4. Steady-state gravimetric water content profile for nine of the 12 sites (data for sites 2FS and 7RS are given in 
Figure 6a, and 1FS was omitted as a consequence of its position over a buried water line). 
density profiles are quite similar between the surface and a 
depth of 2.8 m. Below this depth, the data for pit II deviate 
considerably from the other two sites. 
Butters et al. [1989] reported the results of a particle size 
analysis performed on field-averaged samples taken ran- 
domly over the field and mixed into composite 30-cm layers 
prior to analysis. His results and the particle size analysis for 
the local samples taken from pit III are presented in Figure 
3. The similarity between his data and that for pit III 
provides further evidence of the high degree of horizontal 
homogeneity and vertical heterogeneity in the field. The 
gravimetric water content profiles, determined as the aver- 
age in the individual soil cores from each sampling at nine of 
the sites, are given in Figure 4. (The data for site IFS were 
omitted from this figure as this site was inadvertently located 
above a preexisting 1.8 m deep, 35 cm diameter, water line. 
The data for the two remaining sites are presented in Figure 
6a.) Figure 4 also supports the conclusion of a high degree of 
horizontal uniformity and vertical variability within the field, 
especially within 4.0 m of the soil surface. The bulk density 
and gravimetric water content data additionally indicate that 
the horizontal layers have a slight slope in the southern 
direction. This can be seen in Figures 5a and 5b, in which 
bulk density data from pits I and III are shown together, with 
the data for pit I in Figure 5b displaced downward by 20 cm 
(pit I is --•25 m north of pit III). Figures 6a and 6b demon- 
strate this same relationship from the steady-state gravimet- 
ric water content for two sites which were separated by 
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Fig. 5a. Bulk density versus depth for pits I and III. 
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Fig. $b. Bulk density versus depth for pits I and III, with data from pit I (northernmost pi ) displaced 20 cm 
downward. 
approximately 25 m in the north-south direction (plots 2FS 
and 7RS, defined in Figure 1) with Figure 6b showing the 
northern plot data shifted 20 cm downward. 
Data Analysis 
The soil coring and sampling procedure provided between 
293 and 1016 localized measurements of solute concentration 
at each site, which produced a three-dimensional, discrete 
data set with each measurement representing an average 
resident solute concentration in a 200 cm 3 volume of soil at 
the time of sampling. Figure 7 illustrates the chloride depth 
profiles of each core obtained from a 1.5 x 1.5 m flux 
application site (8FS, defined in Figure 1) which was destruc- 
tively sampled once after 49.6 cm of NAW had been applied 
(19.2 cm with the solute and 30.4 cm by leaching afterward). 
One of the purposes in using two tracers such as chloride 
and nitrate was to provide a measure of experimental quality 
control. To examine the variability in the data resulting from 
sample handling and analytical error, a linear regression 
equation was used to predict the concentration of one of the 
two "water tracers" from the other. We recognize that 
sample handling and analytical error are not the only pro- 
cesses which could result in variability between measured 
nitrate and chloride concentrations in the same soil sample 
(for example, the following discussion of mass balance 
suggests that nitrate was not a conservative tracer). How- 
ever, we believe experimental error would be the primary 
source of variability between the two solutes. Table 1 
contains the square of the correlation coefficient (R 2) for all 
sample events and depths during the first study phase 
(except the 0-20 cm depth, where residual nitrate concen- 
tration was always greater than chloride). Mislabeling sam- 
ples, equipment malfunction and other human errors would 
0.3 , 
z 
o 
0.2 
LaO. ! 
0.0 
t"1 SITE 2FS 
A SITE 7RS 
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Fig. 6a. Steady-state, gravimetric water content profiles for 
plots 2FS and 7RS, with site 2FS located approximately 25 m north 
of 7RS. 
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Fig. 6b. Same as Figure 6a except data for site 2FS (located 25 m 
north of 7RS) are shifted vertically 20 cm. 
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Fig. 7. Chloride distribution in individual soil cores taken after 49.6 cm of net applied water on a 1.5-m flux 
application site (8FS). 
reduce the computed R 2. The relatively large R 2 values 
observed provide a measure of assurance that experimental 
errors were minimal, especially since part of the variability 
evident in the R 2 values is probably aconsequence of nitrate 
transformations. 
The method of spatial moments was chosen to analyze and 
interpret the transport phenomena. There were several rea- 
sons for this choice. First, the method of moments does not 
assume anything a priori about the transport process and is 
thus nonparametric and model independent. However, the 
moments can be conveniently used to determine model- 
dependent parameters. Secondly, the method of moments 
TABLE 1. Correlation Coefficients Between NO3 and C1- 
Concentrations Measured in the Different Plots During 
the First Study Phase 
Sample R 2 
IFS 0.98 
2FS 0.93 
3FS 0.98 
4FS 0.98 
5FS 0.98 
6FS 0.99 
11FS 0.99 
10FLa 0.98 
10FLb 0.94 
10FLc 0.98 
provides a physical characterization of the plume which is 
conceptually appealing and easy to visualize. Furthermore, 
the spatial moments are commonly used in the literature for 
characterizing transport processes, from both applied and 
theoretical perspectives [Bresler and Dagan, 1981; Frey- 
berg, 1986; Dagan, 1987; Sposito and Barry, 1987]. The 
spatial moments are defined in an analogous manner to the 
statistical moments of probability theory [DeGroot, !986]. 
The absolute zeroth, first and second spatial moments are 
defined by the following integral expressions: 
Mo(t) = fvOvC(X], X2, 3, t)dV (1) 
Mk(t) = Mo(t) OvXkC(X]' X2' 3' t) dV (2) 
k= 1, 2, or 3 
Mkh(t ) = Mo(t ) O•X'•XhC(Xl, X2, 3, t) dV (3) 
k, h= 1, 2, or3 
where Mo(t) is the total mass of solute within the soil 
volume V at time t; Mx(t), My(t), Mz(t) is the position f 
the center of mass of the plume at time t; M!•h(t) - 
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Fig. 9a. Normalized, x axis averaged, two-dimensional perspec- 
tive of a chloride plume after 49.6 cm of NAW (plot 8FS). 
Mk(t)M•:(t) is the spatial covariance of the concentration 
about the center of mass at time t; 0•, is the volumetric water 
content; and V is the volume enclosing the plume (the 
second central moments are discussed elsewhere (for exam- 
ple, see Ellsworth and Jury [1991, this issue])). As can be 
seen in (1)-(3), the calculation of the moments requires a 
three-dimensional integration over the sampled soil volume. 
Therefore, the solute concentration at each point within the 
soil must be estimated either explicitly or implicitly from the 
raw data. 
The procedure chosen for computation of the moments 
was a three-dimensional interpolation of the data using an 
inverse distance weighting scheme. As pointed out by Barry 
et al. [1988], the calculated moments are sensitive to the 
weighting factor used in the interpolation procedure. Cross- 
validation [Geisser, 1975] was the criteria used to select the 
weighting factor in the present study. The sensitivity of the 
estimated moments to the interpolation scheme is discussed 
in Appendix A of Ellsworth and Jury [1991], which also 
provides a thorough explanation of the interpolation method 
we used in this study. In general, the calculated center of 
mass of the plumes was relatively insensitive, mass recovery 
somewhat more sensitive, and plume spatial covariance the 
most sensitive to the interpolation scheme used. 
The primary properties of this interpolation scheme are 
that it is an exact interpolant, that it provides a continuous 
functional representation of the solute concentration, and 
that predicted concentration values are bounded by the 
maximum and minimum observed values [Crain and Bhat- 
tacharyya, 1967]. This interpolation scheme was used to 
create a dense, regularly spaced, three-dimensional concen- 
tration grid from the raw data of each sampling, with an 
interpolated grid containing approximately 30,000 grid 
nodes. By creating such a dense grid, the method of integra- 
tion used for (1)-(3) has only a minimal influence on the 
moment estimates and bias in the results arises primarily 
from the density and location of the original data points, and 
from the interpolation procedure. 
The interpolation scheme provides a convenient method 
for visualizing the solute plumes. The densely spaced grids 
can be used to generate one-, two-, and three-dimensional 
perspectives of the plumes at the time of sampling. Since the 
procedure is an exact interpolant, the three-dimensional 
graphics so created provide a resolution of the plumes at the 
scale defined by the sampling density. Each of the nine 
subfigures in Figure 8 (created using the interpolation grids 
from the raw data in Figure 7) illustrate the chloride mass 
distribution i  the horizontal p ane for a series of 20-era-thick 
vertical layers from plot 8FS. Figures 9a and 9b show 
normalized, two-dimensional perspectives of this plume in 
the YZ and XZ planes generated from the concentration 
grids by integration of the spatial solute distribution over the 
appropriate axis. At the tirne of sampling, the plume ex- 
tended laterally approximately 30-40 cm from the plot bor. 
ders. The center of the plume was at a depth of 220 cm. 
Some irregularity in the spreading process is apparent in 
comparing Figures 9a and 9b. 
A more quantitative method for examining the plumes is 
possible with the moment estimates. In the flux application 
experiment, the mass applied to each plot was measured 
independently using water flow meters and analysis of the 
applied solution concentrations. However, for the two resi- 
dent distribution sites, the estimates of the mass applied 
were calculated from the mass mixed with soil in the mixer 
and also from that measured in the surface samples taken at 
the commencement of leaching. These two estimates were 
significantly different. As a result of this uncertainty in the 
applied mass for the resident distribution sites, a quantitative 
comparison between the zeroth spatial moment estimate and 
the applied mass was thought to only be valid for the flux 
experiment. 
The comparison between the applied mass and mass 
recovery estimate provides a measure of the success of the 
experimental technique. The ratios of the estimated zeroth 
spatial moment to the applied mass for 12 of the 14 sample 
events in the flux experiment are presented in Figure 10 for 
both chloride and nitrate. The results for sites IFS and 8FS 
were omitted from this figure because, as mentioned previ- 
ously, site IFS was situated above a preexisting water line, 
and mass recovery was anomalous because the plot could 
not be sampled adequately. Also, at site 8FS, the solution 
samples taken to determine the concentration of the applied 
solute were inadvertently disposed of in the laboratory prior 
to analysis. 
Since chloride does not transform, adsorb, or volatilize 
significantly, the entire mass of applied chloride must be 
located in the soil solution. Nitrate, although also residing 
entirely in solution, is subject to a variety of transformations 
in the soil. The processes which are most relevant to this 
study are losses due to denitrification (as a consequence of 
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Fig. 9b. Normalized, y axis averaged, two-dimensional perspec- 
tive of a chloride plume after 49.6 cm of NAW (plot 8FS). 
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the daily irrigation regime) which may occur throughout the 
soil profile, and additions/sinks through microbial decompo- 
sition/uptake of organic matter. Soil samples taken during 
the experiment showed significantly greater esidual nitrate 
concentrations i  the top 20 cm of the soil profile. The 
complex reactions which influence the form of nitrogen i  
the soil thus result in uncertainty as to whether the mass of 
nitrate applied was conserved. Comparison of mass esti- 
mates for each sampling in the flux experiment showed that 
the percent mass of nitrate recovered was less than, or equal 
to, that of chloride xcept for one sample vent in which it 
was 2% higher (Figure 10). This suggests that the applied 
mass of nitrate was not conserved, although in most cases 
the differences in recovery of the two chemicals are small. 
There also appears to be a decrease in the amount of mass 
recovered for both solutes at the two longest sampling times 
(NAW). The significance of this decrease is not clear and 
may simply be a reflection of the interaction between the 
interpolation scheme and the measured resident concentra- 
tions, which were relatively lower at these last samplings. 
The decrease in mass may also be a reflection of the 
sampling methodology. As the sampled soil volume in- 
creased with time, the number of samples collected per unit 
volume of soil was consequently less, possibly resulting ina 
lower recovered mass. 
Figure 11 summarizes the percent mass of water-soluble B
(100 times recovered mass fraction) from the soil solution as 
a function of NAW for the 1.5-m plots in experimental phase 
1. In contrast to the other solutes, B recovery was signifi- 
cantly less than the amount applied and decreased sharply 
with time. Boron is thought to be adsorbed as an inorganic 
oxyanion (B(OH)•- (aq)) via a two-step ligand exchange 
reaction, forming an inner-sphere complex with inorganic 
soil surface hydroxyl groups [Sposito, 1984]. Since boron 
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Fig. 11. Water-soluble boron mass recovery, 1.5-m plots, first study phase. 
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Fig. 12a. East/west deviation of plume center of mass from plot center as a function of NAW (all sites). 
adsorption can be appreciable in alkaline softs such as that 
found in this field [Goldberg and Glaubig, 1986], and as 
adsorbed B is resistant to extraction from water-saturated 
pastes, it was expected that the water-soluble fraction would 
represent only part of the applied B. 
Figure 12 shows the location of the chloride plume center 
of mass for all sample events in both the flux and resident 
distribution experiments, relative to the center of each plot. 
The deviation of the plume center of mass in an easterly or 
westerly direction from the location of the plot center 
appears to be random with increasing variability as a func- 
tion of NAW (Figure 12a). However, there appears to be a 
trend in the deviation of the plumes from the center of the 
plots in a southerly direction, as shown in Figure 12b. Them 
is also much greater variability in the deviations about the 
plot center in a northerly or southerly direction than in an 
easterly or westerly direction. The observed net drift of the 
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Fig. 12b. Horizontal ocation of plume center of mass relative to 
plot center. 
plumes to the south is consistent with the slight slope 
detected from the analysis of water content and bulk density 
(Figures 5 and 6). 
Figure 13 displays the vertical position of the center of 
mass of chloride and boron as a function of NAW for nine of 
the 10 sample events during the first experimental phase (the 
plot which was directly over the main line was omitted). It is 
apparent that the water-soluble boron fraction was signifi- 
cantly retarded relative to chloride. However, of greater 
interest in this figure is the consistency in the observed 
transport process between the different plots which were 
located throughout the field (Figure 1). There appears to be 
a unique relationship for the entire field between vertical 
position of the center of mass of the different plumes and 
NAW for chloride, and a second one for water-soluble 
boron, even though boron transport was significantly re- 
tarded relative to chloride. 
If the ordinate of this graph were time, the slope of the 
depth of the center of mass versus time curve would define 
a mean solute velocity. In a truly steady-state experiment, 
the only difference between a graph of the center of mass 
versus time or versus NAW would be the scale of the 
ordinate axis. However, as a result of the daily variations in 
evaporative water flux, applied surface flux, and interruption 
of daily irrigation on multiply sampled plots during sampling 
periods, only "quasi" steady-state conditions were realized 
during the experiment. Thus, NAW is a more direct factor 
than time in governing the transport process. 
The observation that the soft properties which determine 
the mean solute "velocity" (or location of the plume center 
of mass as a function of NAW) are relatively uniform 
between the various plots agrees with the field characteriza- 
tion study, which showed a relatively high degree of hori- 
zontal homogeneity in texture, structure, bulk density, and 
gravimetric water content despite a large degree of vertical 
variability in these same properties. Therefore, we used the 
field-averaged volumetric water content, Or(z) (obtained for 
each 20-cm depth increment as the product of the average 
bulk density from the three pits and the mean gravimetric 
water content for all plots), to predict the vertical position of
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the chloride plume center of mass using the piston flow 
model. This model assumes that all of the soil solution is 
replaced by the infiltrating solute front. Thus, the depth of 
the plume center of mass, Z c,•, after a total net amount of 
water (NA W) has been applied is predicted from the piston 
flow model by 
NA Wo -•= Or(S) ds (4) NA Wcm • NA W 2 J zo 
where NA W o is the centimeters of net applied solute solu- 
tion (NA W0 = 0.75 cm for the initial resident distribution 
experiment), s is a dummy integration variable, and Z0 is 0 
for plumes created with flux application and 2.5 cm for the 
resident experiment. 
Figure 14a shows the Zcrn(NAWcm) line predicted from 
(4), along with the measured values for both the flux and 
resident experiments. The slopes of the measured and pre- 
dicted values are very nearly the same; however, the piston 
flow model consistently underpredicts the depth of the 
center of mass. It also is apparent that the discrepancy is 
greater for the flux experiment. Two experimental factors 
which contribute to this underprediction are the time delay 
between the final irrigation and the time of sampling, and 
also the use of drip emitters for solute application in the flux 
experiment. The time of sampling at each site was between 
1 and 3 days after the last irrigation, except for 9FLc and 
12RLb which were the final two sampling events of the 
experiments and were sampled 1, 2, 5, and 6 days after the 
last irrigation and 7, 8, and 9 days, respectively, as a 
consequence of breakage in the sprinkler system. From 14a, 
the influence of the time delay in sampling is evident in 
examining the large underpredictions for 9FLc and 12RLb 
(83.2 and 89.6 cm NA Wcm, respectively). 
The greater underprediction for the flux experiment than 
for the resident experiment suggests that water applied 
through the dripper system may have bypassed part of the 
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Fig. 14a. Measured and piston flow-predicted chloride plume 
center of mass as a function of NAW. 
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Fig. 14b. Measured and piston flow-predicted chloride plume 
center of mass as a function of NAW (with correction for time delay 
of sampling and dripper bypass). 
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soil volume near the surface. To test this hypothesis, a 
solution containing a water-soluble dye (amine red) was 
added to the soil through the dripper system and the under- 
lying soil subsequently excavated. Dye was found directly 
below each dripper in a soil volume shaped like an inverted 
cone. The dye patterns from adjacent drippers (10 cm 
spacing) were observed to intercept each other at a depth of 
roughly 40 cm, implying that during solute application, 
approximately two-thirds of the soil volume above the depth 
of 40 cm was not participating in transport. At the end of the 
2-week solute application period, each plot received sprin- 
kler irrigation which distributed the water at a much smaller 
scale of uniformity' across the plot surface. 
In an attempt to model the influences of the time delay of 
sampling and the dripper application, the following assump- 
tions were made. First, it was assumed that the experiments 
were at steady state, with the flux at each site defined by the 
average daily rate of net applied water (d/wt }v) over the final 
five days of irrigation prior to a sampling event. Irrigations 
were performed daily during a 4-hour period starting at 0600; 
thus the sampling time delay, t,/, was calculated as the time 
starting from 24 hours following the commencement of the 
final irrigation until the midpoint of the sampling period. For 
example, if sampling began 48 hours following the last 
irrigation, and the sampling period was 12 hours long, then 
t,/would be 1.25 days. The second assumption was that with 
the flux application of solute, two-thirds of the soil solution 
in the top 40 cm of the profile was bypassed as a result of the 
dripper system. These two assumptions are represented by 
(5), which provides a modified estimate of NA Wcm: 
NA Wo f o[O -•+ tddNA w + W Ov(s ) ds NA Wcm • NA W 2 
(5) 
where ta is in days, dNAW is in centimeters per day, and W 
is g for plumes created w•th flux apphcaUon a d 0 for the 
resident experiment. This modified estimate of NA Won was 
used to create Figure 14b, which provides a much better 
estimate of the location of the plume center of mass. 
However, the steady-state assumption does not fully explain 
the deep movement of 12RLb (NAWcm = 103.4 cm). No 
significant difference was seen when the prediction was 
based on local grayimetric water content measurements. The 
steady-state assumption impfled in (5) obviously does not 
explain all of the underprediction on this site. Disregarding 
sampling 12RLb, it appears that the field average mean pore 
water velocity and the local mean solute velocity were the 
same. 
SUMMARY AND CONCLUSIONS 
The experimental procedures described herein provide a 
novel approach for examining field scale, three-dimensional 
solute transport processes. The reasonable mass recovery 
estimates obtained, as well as the correlation between chlo- 
ride and nitrate measurements, provide assurance of the 
. 
quality of the data. The detailed study of the physical 
properties within the field suggested that the site can be 
characterized as relatively homogeneous across the field 
within a given layer or depth, with a high degree of vertical 
variability between these layers. A slight slope in the layers 
in a southerly direction was also noted. These observations 
were supported byexamining the experimental mean plume 
transport within the field. The accurate prediction of the 
chloride plume center of mass in the flux experiment asa 
function of NAW from the field-averaged properties is an 
important result which encourages the hope that solute 
transport may be predicted from independently measured 
soil properties or parameters. 
The mean movement of the water-soluble boron fraction 
was also similar across the field despite boron's being 
obviously retarded relative to chloride transport. Further. 
more, the rate of decrease in the water-soluble B mass 
recovery with increasing time was similar for the 1.5-m plots 
in the first study phase. This suggests that B sorption 
occurred uniformly within the field. The bias in a southerly 
direction in the location of the center of mass (which agrees 
with the observed southerly layering) provides further evi- 
dence that observed or measurable properties can be useful 
in estimating transport phenomena. However, a more criti- 
cal objective, from both a theoretical and applied perspec- 
tive, is in relating the observed dispersion process (both 
transverse and longitudinal) to measurable properties. The 
dispersive nature of the vertical plume transport in these 
experiments is discussed in a companion paper [Ellsworth 
and Jury, this issue]. 
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